Frankia saprophytica sp. nov., an atypical, non-infective (Nod-) and non-nitrogen fixing (Fix-) 
The genus Frankia encompasses soil actinobacteria distinguishable by their ability to fix nitrogen and to establish symbiotic relationships with a wide range of dicotyledonous host plants [1] . Isolates of the genus Frankia are able to reinduce nitrogen-fixing root nodules on their host plant (fulfilling Koch's postulates) and generally fall into one of the three phylogenetic clusters defined regardless of the molecular marker used [2] . Five species are currently recognized by validly published names: Frankia alni and Frankia casuarinae [3] belonging to cluster 1, Frankia coriariae [4] from cluster 2, and Frankia discariae [5] and Frankia elaeagni [3] falling within cluster 3. However, a number of strains lacking one or more morphological and/or symbiotic features have also been isolated from actinorhizal root nodules [6] [7] [8] [9] [10] . Molecular studies indicated that these isolates belong to the genus Frankia, representing a distinct cluster (cluster 4) [8] [9] [10] . Some of these atypical strains have the ability to induce ineffective, non-nitrogen-fixing root nodules on their host plants and are classified within Frankia inefficax [11] . Frankia asymbiotica includes strains able to fix nitrogen but unable to induce root nodules on their original host or any of the actinorhizal plants tested [12] .
Strain CN3
T , belonging to the genus Frankia, was isolated from root nodules of Coriaria nepalensis (Muree, northern Pakistan) [13] and was found to be a non-nitrogen fixing (FixÀ) and non-infective (NodÀ) actinobacterium. The taxonomic status of strain CN3
T was determined here on the basis of a polyphasic approach and is proposed as the type strain of a novel species, namely Frankia saprophytica sp. nov.
T was maintained in basic propionate (BAP) medium [14] supplemented with 0.5 mM NH 4 Cl as nitrogen source and incubated at 28 C. Chemotaxonomic analyses were performed using freeze-dried biomass from 4-week-old cultures, while wet biomass was used for other phenotypic analyses.
The ability of strain CN3
T to oxidize carbon and nitrogen sources and to grow in the presence of a broad range of salinity and pH, and its susceptibility to inhibitory substrates were assessed using GENIII microplates in an Omnilog device (Biolog) as described by Nouioui et al. [3] . Two independent duplicates for Biolog tests were performed, and the resultant data were analysed using the opm package version 1.3.63 for R statistical software [15] . The morphology of strain CN3 T was examined by using a field-emission scanning electron microscope (Tescan Vega 3 LMU) from 4-week-old culture grown in BAP medium supplemented with 0.5 mM NH 4 Cl as nitrogen source and incubated at 28 C without shaking. The symbiotic properties of CN3 T strain were checked as described by Nouioui et al. [12] . Seedlings from each actinorhizal species representative of the major host infectivity groups (HIGs), Alnus glutinosa (Alnus-Comptonia-Myrica HIG), Casuarina glauca (Casuarina-Myricaceae HIG), Elaeagnus angustifolia (ColletieaeElaeagnaceae-Gymnostoma-Myricaceae HIG) and Coriaria myrtifolia (Coriariaceae-Datiscaceae-Dryadoideae-Ceanothus HIG), were grown axenically for 1 month in Magenta GA-7 boxes containing 100 ml Broughton and Dilworth solution [16] . Homogenized hyphae of strain CN3 T were then applied to the root surface of test plant species (five each) using a sterile needle and subsequently checked periodically for the presence of root nodules.
The inability of strain CN3
T to infect roots of any actinorhizal plants tested was in line with a previous study [13] . Similarly, no growth was detected in BAP medium without nitrogen source, which explains the absence of vesicles in the cell structures of this strain [13] . Morphologically, strain CN3
T grew as dense mycelium forming greyish-white colonies, which were deposited in the bottom of liquid BAP medium. The strain developed vegetative hyphae and ovate multi-locular sporangia typical of species of the genis Frankia (Fig. 1 ). These morphological features were also observed for the F. inefficax type strain. Nonetheless, the latter differed from strain CN3
T by its ability to infect a range of host plants.
T metabolized cellobiose, D-fucose, b-gentiobiose (disaccharide), propionate, acetic acid, acetoacetic acid and L-malic acid (organic acids). It grew in the presence of sodium bromate (salt), tetrazolium blue and tetrazolium violet (redox indicators). Strain CN3
T shared with the type strains of F. inefficax and F. asymbiotica the ability to use D-serine as a nitrogen source and butyric acid as an organic acid, and was resistant to minocycline, nalidixic acid, potassium tellurite and rifamycin SV. Additional distinctive phenotypic features for CN3
T strain are listed in Table 1 .
Chemotaxonomic analyses for strain CN3 T were performed based on TLC. Whole-cell hydrolysates were used for the detection of diaminopimelic acids and cell-wall sugars following the protocols of Staneck and Roberts [17] and Lechevalier and Lechevalier [18] , respectively. Isoprenoid quinones and polar lipid profiles were identified according to the protocols of Collins et al. [19] and Minnikin et al. [20] , respectively. Fresh wet-biomass from strains grown in BAP medium supplemented with nitrogen source were subjected to fatty acid methyl ester (FAMEs) analyses. The extracts were prepared following the protocols of Miller [21] modified by Kuykendall et al. [22] and analysed by gas chromatography using the standard MIDI system (Sherlock version 4.5). The peaks were then identified based on ACTIN database version 6 [23] . Close phylogenetic neighbours for the test strain were included in the phenotypic and fatty acids analyses performed in this present study. Whole-cell hydrolysates of strain CN3
T were rich in mesodiaminopimelic acid, galactose, glucose, mannose, rhamnose and ribose (in traces) as cell-wall sugars; the polar lipid profile contained phosphatidylinositol, phosphatidylglycerol, diphosphatidylglycerol, two phosphoglycolipids (PGL 1-2 ), phospholipid, six unidentified glycolipids (GL [1] [2] [3] [4] [5] [6] ) and two unidentified lipids (L 1-2 ) (Fig. S1 , available in the online version of this article). Menaquinone components included MK-9(H 6 ) (45.5 %), MK-9(H 4 ) (18 %), MK-9(H 8 ) (4.6 %) and MK-9(H 2 ) (3.1 %). Fatty acids consisted of iso-C 16 : 0 (26.5 %), C 17 : 1 !8c (22.2 %), C 15 : 0 (19.3 %), C 17 : 0 (7.5 %), C 16 : 1 2-OH (6.6 %), C 15 : 1 !6c (4.8 %), C 16 : 0 (2.8 %), anteiso-C 17 : 0 (2.5 %) and C 16 : 1 !7c (1.9 %) (Table S1 ).
PCR-mediated amplification of the 16S rRNA gene, purification and sequencing were carried out as previously described [24] . The almost-complete 16S rRNA gene sequence of strain CN3 T (1388 nucleotides) was deposited in the NCBI GenBank data library under accession number MF960832. The 16S rRNA gene identities were calculated according to the procedure of Meier-Kolthoff et al. [25] available at the Genome-to-Genome Distance Calculator (GGDC) web server [26] . Maximum-likelihood (ML) and maximum-parsimony (MP) trees were reconstructed using the DSMZ phylogenomics pipeline [27] and based on the sequences aligned with Random Axelerated Maximum Likelihood (RAxML) [28] and Tree analysis New Technology (TNT) [29] test as implemented in Plylogenetic Analysis Using Parsimony (PAUP) [31] were used for multiple sequence alignment and to check the sequence for a compositional bias, respectively. For ML, rapid bootstrapping in conjunction with the autoMRE (maximal-relative-error) bootstrapping criterion [32] and subsequent search for the best tree was used. For MP, 1000 bootstrapping replicates were used in conjunction with tree-bisection-and-reconnection branch swapping and ten random sequence addition replicates. Strain CN3 T grouped with the type strain of F. asymbiotica and next to the type strain of F. inefficax (Fig. 2) . Pairwise 16S rRNA gene sequence similarities between strain CN3 T and its closest phylogenetic neighbours, F. asymbiotica and F. inefficax, were 99.4 and 98.5 %, respectively.
Digital DNA-DNA (dDDH) hybridization values between strain CN3
T and its close phylogenetic neighbours were calculated with the GGDC server at the DSMZ website (http:// ggdc.dsmz.de/phylogeny-service.php#). Results showed that all dDDH values (Table 2) were clearly below the threshold of 70 % for prokaryotic species delineation [33] . The DNA G+C content of the CN3 T genome was 71.8 mol%.
It can be concluded that CN3 T has sufficient distinguishable features from the type strains of its closest relatives, F. asymbiotica and F. inefficax. Therefore, we propose to assign strain CN3
T to a novel species within the genus Frankia, namely Frankia saprophytica sp. nov.
DESCRIPTION OF FRANKIA SAPROPHYTICA SP. NOV.
Frankia saprophytica (sa.pro.phy¢ti.ca. Gr. adj. sapros rotten; Gr. adj. phytikos belonging to plants; N.L. fem. adj. saprophytica growing on rotten material, referring here to the asymbiotic lifestyle of the type strain).
Gram-stain-positive, aerobic, non-motile, heterotrophic and chemo-organotrophic actinobacterium. Optimum growth is observed in BAP broth medium at 28 C after 4 weeks where greyish-white colonies form by branched substrate hyphae and multilocular sporangia develop. Able to metabolize propionate, D-fucose, b-gentiobiose (disaccharide), acetoacetic acid, butyric acid and L-malic acid (organic acids) and D-serine (nitrogen source) and to grow in the presence of sodium bromate (salt), tetrazolium blue and tetrazolium violet (redox indicators), rifamycin SV, minocycline, nalidixic acid and potassium tellurite. Whole-cell hydrolysates contain meso-diaminopimelic acid, galactose, glucose, mannose, rhamnose and ribose (in traces) as cell-wall sugars. The polar lipid profile contains phosphatidylinositol, phosphatidylglycerol, diphosphatidylglycerol, two phosphoglycolipids (PGL [1] [2] glycolipids (GL [1] [2] [3] [4] [5] [6] ) and two uncharacterized lipids (L 1-2 ). The predominant menaquinone is MK-9(H 6 ); major fatty acids are iso-C 16 : 0 , C 17 : 1 !8c and C 15 : 0 .
The type strain is CN3
T (=DSM 105290 T =CECT 9314 T ), isolated from Coriaria nepalensis by Mirza et al. [12] . The DNA G+C content of the type strain is 71.8 mol%.
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